Rationale: Angiogenesis is regulated by the small GTPase Rac1. The ELMO1/DOCK180 complex forms a guanine nucleotide exchange factor for Rac1, regulating its activation during cell migration in different biological systems. Objective: To investigate the function of ELMO1/DOCK180 in vascular development. Methods and Results: In situ hybridization studies for elmo1 identified a vascular and neuronal expression in zebrafish. Morpholino-based expression silencing of elmo1 severely impaired the formation of the vasculature, including intersomitic vessels, the dorsal longitudinal anastomotic vessel, the parachordal vessel, and the development of the thoracic duct in tg(fli1:EGFP) embryos. Mechanistically, we identified Netrin-1 and its receptor Unc5B as upstream activators of the ELMO1/DOCK180 complex, regulating its functional interaction and leading to Rac1 activation in endothelial cells and vessel formation in zebrafish. Conclusions: Our data have identified a novel signaling cascade regulating vasculature formation in zebrafish. (Circ Res. 2010;107:45-55.)
A ngiogenesis, the formation of blood vessels from preexisting ones, is a crucial process during embryonic development as well as in several pathological conditions such as during tumor growth and in ischemic diseases. 1 Angiogenesis is activated by angiogenic growth factors, such as vascular endothelial growth factor (VEGF), leading to the formation of endothelial sprouts. 1 During the last few years it has been shown that angiogenic sprouts consist of 3 types of functionally different endothelial cell types, namely the tip cells, the stalk cells and the phalanx cells. 2 The tip cells are migratory cells at the leading front of the forming angiogenic sprouts; stalk cells are primarily formed by cell proliferation, and phalanx cells represent a more quiescent endothelium. Endothelial cell proliferation and migration have been intensively studied, and several important major signaling cascades have been identified. Based on the recognition of novel molecules regulating these major pathways 3 it is becoming increasingly important to identify and functional characterize the regulators for blood vessel formation. The small GTPases RhoA, Rac1, and Cdc42 have been shown to regulate migration of endothelial cells during angiogenesis. 4 -8 Rac1 is an essential factor during embryonic development as its endothelial specific deletion leads to an early embryonic vascular lethal phenotype. 7 Rac1 is ubiquitously expressed in 20 hpf zebrafish embryos 9 at the start phase of intersomitic vessel formation. 10 Therefore, a specific temporal and spatial regulation of Rac1 activation in the vascular system implies the existence of additional regulators for Rac1. Several important questions regarding the regulation and function of Rac1 in the embryonic and adult vasculature remain unanswered. Little is known about (1) which intracellular proteins modulate the activation of Rac1; (2) the upstream regulators of Rac1 in vivo are; and (3) the functions of these regulators in the vasculature in vivo are.
The ELMO1/DOCK180 (engulfment and cell motility 1/dedicator of cytokinesis 180; also known as DOCK1) complex is an unusual GEF for Rac1 regulating cell migration in Caenorhabditis elegans, Drosophila melanogaster, and glioblastomas. 11, 12 ELMO1 contains a pleckstrin homology domain for interaction with DOCK180. 13 DOCK180 uses a conserved "Docker" or "CZH2" domain to mediate the nucleotide exchange on Rac1. 11 Binding of ELMO1 to DOCK180 induces a conformational change releasing the DOCK180 self inhibitory loop. Consequently, the activated ELMO1/DOCK180 complex stabilizes Rac1 in its nucleotide free transition state and regulates its localization. 11 Gene targeting studies have implicated DOCK180 as an essential molecule of skeletal muscle formation regulating myoblast fusion in zebrafish, Drosophila and mice. 14 -16 Furthermore, DOCK180 acts as a downstream regulator of Netrin-1 signaling, leading to Rac1 activation in vitro, and expression silencing in vivo caused misguidance of commissural axons. 17 Netrin-1 and its receptor Unc5B have also been reported as essential regulators of the vasculature in zebrafish, mice and chicken. 18 -21 Yet, the observed phenotypes in the vasculature have been given different interpretations. 3 Interestingly, recent data have reconciled this controversy showing that Netrin-1 and Unc5B together act proangiogenic. 22 Taken together, these data have established the ELMO1/ DOCK180 complex as a regulator of cell migration. However, a vascular function of ELMO1 and DOCK180 has not yet been reported.
The aim of this study was to analyze the function of the ELMO1/DOCK180 complex in vascular development and to identify the upstream regulators of the bipartite GEF ELMO1/ DOCK180 in the vascular system. We report a strong, temporally controlled vascular expression of elmo1 in zebrafish embryos and an essential function of ELMO1 in the formation of blood vessels and lymphatic vessels in vivo. We have identified Netrin-1 as an upstream regulator of the ELMO1/DOCK180 interaction via its receptor Unc5B in endothelial cells leading to Rac1 activation in vitro and vessel formation in zebrafish. Thus, our data have identified ELMO1/DOCK180 as a novel and essential regulator of Rac1-driven endothelial function and vessel formation mediated by Netrin-1.
Methods

Zebrafish Lines, Cell Lines, Antibodies, and Reagents
Embryos of AB wild-type and the tg(fli1:EGFP) line were raised and staged as recently described. 23 We used following antibodies: goat anti-ELMO1 (EB05297) (Everest Biotech), goat anti-DOCK180 (N-19 and H-70) (Santa Cruz Biotechnology), rabbit anti-DOCK180 (C4C12) (Cell Signaling), mouse anti-Rac1 (BD Transduction Laboratories), goat anti-Actin (I-19) (Santa Cruz Biotechnology), mouse anti-Unc5B (M01) (Abnova), mouse anti-Flag (Stratagene), goat anti-Myc (ab1253) (Abcam), rabbit anti-GFP (A-11122) (Invitrogen), and horseradish peroxidase-conjugated antibodies (DAKO). VEGF and Netrin-1 (mouse, recombinant) were purchased from R&D Systems and Netrin-1 (human, recombinant) was purchased from Alexis Biochemicals.
In Situ Analysis, Antisense RNA Synthesis, and Immunohistochemistry
Whole mount in situ analysis using Dig-labeled probes were performed as described. 24 
In Vitro Angiogenesis Assay
Bovine aortic endothelial cells (BAECs), human umbilical vein endothelial cells, and human umbilical aortic endothelial cells were used for in-gel sprouting angiogenesis experiments as described. 6
Phylogenetic Analysis
The sequences of ELMO-related proteins were analyzed by using ClustalX to establish the phylogenetic relationship of these sequences.
The expanded Methods section, available in the Online Data Supplement at http://circres.ahajournals.org, provides details regarding transfection of BAECs with siRNA molecules, plasmids, immunoprecipitation, Western blots, Rac1 activation assay, PCR-based methods, RNA and morpholino injections, statistical analysis, quantification, and microscopy.
Results
ELMO1 Is an Evolutionarily Conserved Protein and Is Highly Expressed in the Vasculature and in the Neural System in Zebrafish
We have observed that, unlike in humans, the zebrafish has a single isoform, ELMO1 ( Figure 1A ). This displays an 89% identity to ELMO1 in human and mice, indicating that among vertebrates, ELMO1 is an evolutionary highly conserved protein that contains several armadillo repeats, a putative pleckstrin homology domain, a DOCK180-binding motif and a prolinerich region ( Figure 1A and 1B). 11 During early cleavage stages, maternal transcripts of elmo1 are equally distributed in the embryo (Figure 2A ). At 60% epiboly stage, elmo1 displays a ubiquitous expression, but at the 5-somite stage, it gets restricted to the adaxial cells and at the 20-somite stage to subdomains of the brain, to the ventral vasculogenic mesoderm and to the posterior adaxial cells ( Figure 2B through 2D). Temporal vascular expression of elmo1 becomes first evident at the 24 hpf stage in the dorsal aorta, the posterior cardinal vein, the intersegmental vessels, the posterior intermediate cell mass, the primordial midbrain channel and midcerebral vein ( Figure 2E and 2F). At the same stage, we also observed elmo1 expression in the retina, the brain and in the lateral line primordium ( Figure  2E ). At 48 hpf, we detected a broad expression of elmo1 in the central nervous system and in the posterior intermediate cell mass (Figure 2G ). At later stages (72, 96, and 120 hpf), elmo1 is predominately expressed in the brain ( Figure 2H through 2J). DOCK180 has been recently described as an ubiquitously expressed gene during early somitogenesis stages. 14 At later time points of development, DOCK180 is highly expressed in the vascular system, such as in the dorsal aorta and in the posterior cardinal vein ( Figure 2K ). Taken together, the data identify elmo1 as a temporally regulated vascular and constitutive neuronally expressed gene in zebrafish development.
Elmo1 Regulates Blood Vessel Formation in Zebrafish
To analyze the function of ELMO1 in zebrafish, we selected 1 splicing-blocking morpholino (SB-Mo) and 1 translationblocking morpholino (TB-Mo) ( Figure 3A Figure 2A ). Thus, the latter reported phenotype may reflect only a partial loss-of-function experiment because of maternal rescue of early gene functions. 4 ng of the same SB-Mo completely eliminated the wild-type elmo1 mRNA signal, but we also observed some morphological alterations in zebrafish embryos (Online Figure II) . However, to be sure that the phenotype is specifically caused only by knockdown of elmo1, we did not use these higher not form correctly, show morphological alterations, and were unable to shape the dorsal longitudinal anastomotic vessel ( Figure 3D through 3FЈ; Online Movies I through III). Furthermore, intersomitic vessels were wider and several filopodia were formed ( Figure 3F and 3FЈ). Most strikingly, elmo1 morpholinoinjected embryos were unable to form the parachordal vessel ( Figure 3D , 3E, 3DЈ, 3EЈ, 3G, and 3GЈ). Because the parachordal vessel is the origin of the thoracic duct and the future lymphatic system, 10, 25, 26 it implied that the formation of the lymphatics may also be affected. Indeed, analyses of the vasculature in 120 hpf zebrafish embryos indicated that the thoracic duct had not formed and we have observed some artificial blood vessels indicating a compensatory mechanism to rescue the incomplete formation of the vasculature at earlier stages ( Figure  3G through HЈ). Coinjection experiments using the SB-Mo together with the elmo1 mRNA partially rescued the vascular phenotypes (Online Figure III, B) , further validating the specificity of the observed effects. Finally, we have performed a spatially restricted expression silencing of elmo1 in the ventral mesoderm which give rise to the future vasculature using a photoactivatable morpholino 27 (PhotoMorph elmo1 ) for elmo1 ( Figure 4 ). Light activation of the PhotoMorph elmo1 at 20 hpf in the ventral mesoderm recapitulates largely a similar vascular phenotype at 48 hpf as the global expression silencing of elmo1 suggesting a cell-autonomous function of elmo1 in the vasculature. Next, we investigated whether the binding partner of ELMO1, DOCK180, may regulate the formation of the vasculature in zebrafish. Injection of 2 ng of 2 different dock180 SB-Mos partially reduced the amount of wild-type dock180 mRNA ( Figure 5A ; Online Figure I ; and data not shown), but did not result in morphological alterations in the vasculature (Figure 5B, middle) . At higher concentrations, embryos displayed strong morphological alterations in the trunk, a function of DOCK180 in myoblast fusion that has already been described (data not shown). 14 These malformations were also accompanied by strong vascular defects (data not shown). Yet, it remains unclear whether this vascular phenotype represents a primary function of DOCK180 in vessel formation or whether it is 
Netrin-1 Enhances an ELMO1/DOCK180 Interaction Via Its Receptor Unc5B, Leading to Rac1 Activation in Endothelial Cells
Recent data have identified DOCK180 as a downstream signaling molecule of the Netrin-1 receptor DCC (deleted in colorectal cancer), regulating axon outgrowth and guidance of commissural axons. 17 Based on these data, we hypothesized that Netrin-1 acts as an upstream regulator of the ELMO1/ DOCK180 complex in regulating vascular morphogenesis. To test this hypothesis, BAECs were transiently transfected with ELMO1-Myc and DOCK180-Flag constructs and stimulated with Netrin-1. Coimmunoprecipitation experiments were then made. Immunoprecipitation against the Myc-tag followed by Western blotting using an anti-DOCK180 antibody indicated an enhanced complex formation between DOCK180 and ELMO1 ( Figure 6A ; Online Figure V, A) . The same Netrin-1 driven enhancement was also observed after Flag immunoprecipitation and anti-ELMO1 Western blot ( Figure 6B ; Online Figure V, B) .
In addition, we analyzed the Netrin-1-mediated complex formation for natively expressed ELMO1 and DOCK180 in nontransfected BAECs. These were stimulated with Netrin-1 for different time points, and coimmunoprecipitation experiments from both sides (immunoprecipitation: DOCK180 and Western blot: ELMO1; immunoprecipitation: ELMO1 and Western blot: DOCK180) clearly indicated an enhancement of the ELMO1/ To identify the responsible vascular Netrin-1 receptor, we analyzed BAECs for the expression of the major Netrin receptors Unc5A, Unc5B, Unc5C, Unc5D, DCC, and Neogenin, and we identified exclusively a strong expression of Unc5B ( Figure 7A ). After expression silencing of Unc5B ( Figure 7B ; Online Figure IV , A) Netrin-1 did not activate Rac1 ( Figure 7C ; Online Figure IV, B and V, G, J) and nearly eliminates the enhanced ELMO1/DOCK180 interaction ( Figure  7K ; Online Figure V, H) , clearly identifying Unc5B as the major receptor for Rac1 activation in endothelial cells. In summary, our data identify Netrin-1 as a novel regulator of endothelial signaling, leading to Rac1 activation which is mediated by its receptor Unc5B and an ELMO1/DOCK180 interaction.
Unc5B and Netrin-1 Loss-of-Function Experiments in Zebrafish Recapitulate a Similar Vascular Phenotype, As Reported for ELMO1
The cellular function of the small GTPase Rac1 in regulating endothelial cell migration has been described in detail in the vasculature in mice, 7 where it has a cell autonomous function.
To analyze the function of Netrin-1 via Unc5B in endothelial cells in vitro, we performed several angiogenic assays using the different endothelial cells BAECs, human umbilical vein endothelial cells, and human umbilical aortic endothelial cells. Although all endothelial cells used are able to respond to VEGF in an in-gel sprouting angiogenesis assay (Online Figure VI) , none of them displayed significant propulsive or repulsive effects after Netrin-1 stimulation using Netrin-1 from human and mouse sources in different concentrations (Online Figure VI and data not shown). It remains unknown whether this accounts for a loss of crucial mediators of Netrin-1 signaling in cultured endothelial cells.
To circumvent this difficulty, we reanalyzed and further advanced the vascular expression and function of Unc5B in zebrafish to verify the above described signaling cascade in zebrafish. Loss-of-function experiments in zebrafish recently revealed an essential role of Unc5B for the formation of the parachordal vessel. 21 Yet, a vascular expression of unc5b was not reported in zebrafish in that study. In our expression studies of unc5b in 24 hpf embryos, we observed a vascular and nonvascular expression ( Figure 7D and 7E) . Unc5b is intensively expressed in the dorsal aorta and posterior cardinal vein and is faintly expressed in the intersomitic vessels ( Figure 7D and 7E ). Using the recently described unc5b SB-Mo ( Figure 7F ), 21 we confirmed an essential role of Unc5B in the formation of the parachordal vessel. Furthermore, we also identified some malformed intersomitic vessels in Unc5B morphants ( Figure 7H and 7I ) recapitulating a similar phenotype as described in this study for ELMO1. Interestingly, coinjection of the unc5b SB-Mo and the elmo1 mRNA partially rescued the unc5b SB-Mo phenotype (Online Figure III, C) , further validating ELMO1 as an essential downstream regulator of Unc5B in zebrafish for vascular development. In addition, our loss-of-function experiments for Netrin-1 in zebrafish confirmed the recently described function in regulating the formation of the intersomitic vessels and the parachordal vessel (data not shown). 21 In Figure 6 . Netrin-1 activates Rac1 via interaction of ELMO1/DOCK180 in endothelial cells. A through D, Netrin-1 induced complex formation between ELMO1 and DOCK180 in BAECs. BAECs were transfected with ELMO1-Myc and DOCK180-Flag constructs and stimulated with Netrin-1 (100 ng/mL) for 10 minutes followed by immunoprecipitation (IP) against Myc (A) or Flag (B) and Western blot against ELMO1 and DOCK180 (nontransfected cells stimulated with Netrin-1 [100 ng/mL] for 10 minutes served as control). C, BAECs were stimulated with Netrin-1 (100 ng/mL) and immunoprecipitated against DOCK180 (C) or ELMO1 (D) followed by Western blot against ELMO1 and DOCK180. E and F, Rac1 activation in endothelial cells is ELMO1 and DOCK180 dependent. Expression of ELMO1 (E) and DOCK180 (F) was silenced by siRNA treatment followed by Netrin-1 (200 ng/mL) stimulation for 60 seconds and PAK-binding-based pulldown activation assays for Rac1. G through GЉ, Validation of elmo1-and dock180-specific siRNAs. BAECs were transfected with the indicated siRNAs [control siRNA, elmo1 siRNA(1), elmo1 siRNA(2ϩ3), and dock180 siRNA] and expression of ELMO1 and DOCK180 was analyzed by Western blotting. Anti-Actin Western blot served as loading control. Data represent results from 3 independent experiments. conclusion, these loss-of-function experiments for Netrin-1 and Unc5B resemble the overlapping phenotypes as seen for ELMO1.
Discussion
The formation of the vasculature is mainly driven by 2 processes: namely, vasculogenesis and angiogenesis. 1 Tip cells are located at the leading front of the angiogenic sprout and are functionally migrating endothelial cells. 2 Endothelial migration is a highly dynamic process including formation of filopodia, lamellipodia, stress fibers and active cell movements. The small GTPase Rac1 is a major regulator of endothelial cell migration during angiogenesis 7 and in other biological systems. 29 The ELMO1/DOCK180 complex has been initially described as a bipartite guanine nucleotide exchange factor regulating Rac1 activation. 11 Our study has now identified the ELMO1/ DOCK180 complex as an important regulator of Rac1 activation in endothelial cells in vitro and during the formation of the vasculature in zebrafish in vivo. This implies that, based on its temporally vascular expression during zebrafish development, ELMO1 is essential for the formation and function of the dorsal aorta, the posterior cardinal vein, the intersomitic vessels and the parachordal vessel. As an important upstream activator of the ELMO1/DOCK180 complex, we identified the bifunctional axonal guidance molecule Netrin-1 which can attract or repel developing axons. 30, 31 As in the neural system, Netrin-1 and its receptor Unc5B may also have a dual role during vascular development, depending on the utilization of the different receptors 3 and intracellular signaling components. In fact, it has now been shown that unbound Unc5B acts in a proapoptotic manner in endothelial cells. Yet, Netrin-1 binding to Unc5B acts as a survival signal for endothelial cells leading to a proangiogenic response. 22 Netrin-1 is expressed in the floor plate in zebrafish embryos 32 and our data suggest that Netrin-1 provides a chemoattractive signal for the formation of the intersomitic vessels. In vitro we found that Netrin-1 enhances via Unc5B a complex formation between ELMO1 and DOCK180, leading to an activation of Rac1. In vivo, largely similar and overlapping phenotypes have been described for ELMO1, Unc5B, and Netrin-1 (this study and by others 19, 21 ). In all 3 morphants, formation of the intersomitic vessels and the parachordal vessel were affected in a similar fashion, supporting our in vitro data and supporting the existence of this signaling cascade in vivo as well. Based on these data, we would propose the model ( Figure  8 ) that during early embryonic zebrafish development, ELMO1 appears in the dorsal aorta and in the posterior cardinal vein. Both vessels provide the source for the future intersomitic vessels, the developing parachordal vessel and the thoracic duct. ELMO1 is abundantly expressed in the forming intersomitic vessels, which enables a vascular activation of Rac1, leading to active cell movements toward the dorsal side of the zebrafish embryo. Rac1 itself is activated by Unc5B, which is expressed in the formation of intersomitic vessels. The primary upstream activator for this cascade is Netrin-1, highly expressed in the floor plate and horizontal myoseptum, and provides a propulsive, chemoattractive gradient for the formation of the intersomitic vessels.
Summary
In summary, our data have identified the ELMO1/DOCK180 complex as novel molecules acting downstream of Netrin-1 and its receptor Unc5B in regulating vessel formation in zebrafish.
Figure 8. Model for the function of ELMO1 in vascular morphogenesis.
During early embryonic development in zebrafish, ELMO1 is expressed in the dorsal aorta, in the posterior cardinal vein, and in the forming intersomitic vessels and can activate Rac1. Unc5B is expressed in the forming intersomitic vessels and acts as an upstream activator of Rac1. The primary inducer for this cascade is Netrin-1, which is highly expressed in the floor plate and at the horizontal myoseptum and provides a chemoattractive gradient for the formation of the intersomitic vessels.
